Abstract-This work presents a sensor based on surface plasmon resonance phenomenon and combined with dc-sheet resistance monitoring for detecting tampering of ethanol fuel. To demonstrated the feasibility of the proposed sensor, hydrated and anhydride ethanol fuel were tested. Tampering ethanol with methanol and with increasing water content have been used to evaluate the capabilities of the proposed sensing arrangement.
I. INTRODUCTION
The use of renewable fuels such as ethanol and biodiesel (from human grown biomass) has been shown to be a viable alternative due the shortage of non-renewable resources, such as fossil fuel products (gasoline and diesel). Ethanol has been considered an attractive alternative automotive fuel and is currently being used as gasoline additive, in blends of gasoline, or as a substitute for the gasoline.
The quality standards for fuels are usually defined by governmental agencies. In the case of Brazil there is two types of ethanols, the hydrated ethyl alcohol fuel (HEAF), used as gasoline alternative which is composed of up to 4.9% of water, and the anhydrous ethyl alcohol fuel (AEAF) usually blended with gasoline. The blended AEAF-gasoline has up to 25% of AEAF with this compound of up 0.4% of water.
To ensure the quality of biofuels is no easy task but indispensable. On one hand, due to fact that the flexiblefuel vehicles became popular in the last few years, the need for sensors capable to directly or indirectly measure the ethanol/gasoline ratio has became necessary and very important. [1] . On the other hand, aiming quick profits untrustworthy gas stations or distribution companies owners commercialize adulterated fuels [2] , [3] . In the case of Brazil's ethanol, the most common forms of tampering consists of increasing in the water concentration both in hydrated (HEAF) and anhydrous (AEAF) ethanol or adding of methanol to HEAF and AEAF.
Tampering of ethanol is relatively simple and can be made both in the production line or in one of various distribution cycle phases. This fact reinforces the need for an in-situ, accurate, nondestructive and reliable methods for tampering detection, i.e., the type of the tampering and/or the location where the tampering was made.
The surface plasmon resonance (SPR) spectroscopy is a label-free principle for detecting, identifying and quantifying biomolecular interactions based on refractive index changes.
Even samples of quite small volumes (dozens of micro liters) can be analysed in real-time.
Some techniques to detect tampering [2] - [5] have been proposed however are based on technologies that are somehow unfeasible for in-situ detection [4] , [5] or else exhibit low sensitivity [2] , [3] .
This paper presents an idea that uses a disposable SPR chip [6] combined with dc-sheet resistance monitoring (SRM) [7] . This idea leads to a relatively simple and reliable sensing technique towards ethanol tampering detection.
II. THEORETICAL ASPECTS
The surface plasmon resonance is an optical-electrical phenomenon that has been used to design physical-chemical sensors for various applications [8] . This phenomenon is a collective oscillation of free electrons in the metal (valence electrons) being excited by an electromagnetic field (light) at the metal/dielectric interface, yielding a charge density oscillation called surface plasmon polariton (SPP). The SPPs form an electric field with an exponential decay in the media that comprise the interface, with penetration depth of around hundreds nanometers [9] . Such evanescent field is highly sensitive to refractive index changes of the surrounding medium, this feature can be used to develop highly sensitive sensing solutions.
The SPP is observable at various optical configurations. Most commonly, an incident collimated light beam at a preselected angle and/or wavelength range would be specularly reflected at an optically semi-transparent metal layer, comprising the condition of total internal reflection (TIR). The reflected fraction of the incident radiation is detected by a suitable optical receiver, which is frequently a CMOS or CCD camera, or by a fiber optic spectrometer.
The corresponding arrangement for the configuration described in the previous paragraph is illustrated in Fig. 1 . A SPR sensor consists of a multilayer system comprising the materials used in the sensor preparation (1-optical substrate, 2-metal thin layer, 3-biorecognation layer and 4-analyte) including a microfluidic system responsible for containment and delivery the analyte to the sensitive surface. The optical reflectance is directly related changes of the SPR conditions, specific for a (1) is the substrate made of TOPAS, layer (2) is a thin film of gold whereas layers (3) and (4) are the analyte application-specific. SPR curve plot after pixel→ θ or pixel→ λ translation from SPR images. Sensorgram is the temporal evolution of SPR conditions parameters (θ R or λ R ). The wave vectors are indicated. The evanescent field appears in the direction perpendicular to boundary between layers 2 and 3.
certain analyte. This output signals are processed by signal processing algorithms for further information extraction.
The SPP wave-vector along the interface between a metal film and an adjacent liquid dielectric writes as:
The photon wave-vector for propagation in vacuum (k p ) is real and expressed as k p = 2π/λ. Upon propagation within a non-absorptive dielectric substrate with refractive index n 1 , the wave-vector component parallel (k px ) to the metal film writes as
In case of surface plasmon-photon coupling, both expressions of equations (1) and (2) (k SP P = k px ) match at the resonance wavelength λ, and the intersection point defines the resonance position. The outcome is an analytical expression for the refractive index of the liquid bulk analyte n 3 , as function of a varying resonance angle θ R (the Angular Interrogation Mode -AIM), whilst comprising a fixed incident wavelength λ:
Similarly, in the Wavelength Interrogation Mode -WIM, the refractive index of the analyte as function of a varying resonance wavelength λ R at fixed incident angle θ, is expressed as
(4) These expressions illustrate that the physical function of an SPR-sensor essentially resembles an optical refractometer.
In SPR sensing applications, the resonance condition are represented by the minimum value of reflected light. This value is then monitored providing the sensorgram, i.e., the temporal evolution of the interest parameters (n 3 , θ R and λ R ). For more details in theoretical and experimental aspects see [10] - [12] .
The in-situ dc-sheet resistance monitoring (SRM) is a simplified and reliable sensing technique towards detection analyte concentration changes. The dc-sheet resistance is calculated from the thin-metal-layer resistivity and thickness, summary calculated for direct current as ressistivity/thickness [7] . Changes in ethanol concentration are associated with an increase/deacrease in the dc-sheet resistance and this value can be used to monitoring the analyte.
III. OPERATIONAL ASPECTS
The proposed experimental set-up is show in Fig. 2 . The SPR sensor uses the optical prism developed in [6] . The prism comprises the substrate and the metal layer of the sensor design, shown in Fig. 2 and provides flexibility in the studies and application at the SPR technology since it enables the SPR effect excitation in angular (AIM) and spectral (WIM) interrogation modes.
In the spectral interrogation mode the optical array consist of lens, polarized and a shutter to confine and deliver white light (multiple wavelengths) to the prism. In this mode the light hits with fixed angle and a spectrometer is used to capture the reflected light. In the angular mode, mirrors and lens are used to deliver the light source at fixed wavelength to the prism. A CCD camera is used to capture the angle at which resonance occurs. Figs. 2a and b shows the arrangement of the elements described above for each design and also present the trapezoid geometry of the prism . Fig 2d show images of the prism.
The resistance is measured with the Kelvin (4-point) configuration. The thin film sensing resistor consists of a 50 nm gold electrodes (metal layer), with 5 mm length and 1 nm wide, under which silver contacts are deposited. Both electrodes pair are electrically isolated and separated by a gap of 2 nm in the metallic layer. Fig. 2c shows the cross-sectional view of the resistance measuring design in the same assembly show in Figs. 2a and b. The Fig. 2c also present the details for the silver contacts over the gold surface. A photograph of the setup is shown in Fig. 3 .
As show in [6] , [13] the preprocessing before extracting the interest parameters and even the techniques used to extract these parameters can minimize the degradation effect of the noise in SPR signal. The raw image vector capture by the image sensor is given by
witch the i-th pixel represented by x i (t) , i = 1, · · · , P with P the number of pixels of the image sensor. After spatial, temporal and frequency noise removal [13] the SPR image was given by smooth pixelsx i [6] :X (t) = x i (t)x 2 (t) · · ·x P (t) .
Furthermore the multiple spots (multispot) processing are used. In the multispot the smooth response of the image sensor used in the set-up, comprise two or more dimensions pixel arrays (or region), providing at the output an array of light intensities as :
where M S indicates the number of sensible points, also called sensible-area or just spots, present in the SPR sensor and F i (t) given by
is the pixels average within interval [a b] which determines the number of rows that compose each sensible-area.
A. Experimental protocol
To quantify the tampering of ethanol, either by adding methanol or changing the water concentration or both, the equipment is calibrated with standard value (the base line) and then is monitored the variation in the inlet fuel compared to baseline. The base line is calibrated to θ water , i.e., the SPR response when just degassed and deionized water are in contact with metal surface.
To illustrate the sensor operation, three solutions of fuel ethanol were used: a) ethanol in the marketing (correct) specifications b) ethanol with tampering by water smalladdition and c) ethanol tampering by water large-addition. The ethanol in the marketing specifications was analyzed in a 50% (v/v) solution. To this solution the tampering (b) and (c) was provoked. These solutions corresponding to the addition of more water in ethanol solutions, forming new solutions with 33% and 25% ethanol concentration respectively. As consequence the resonance conditions changes as show in the SPR curves in 4a. For the three substances mentioned, the sensor response was monitored and the result is shown in Fig. 4b . Initially the sensor was calibrated to the situation where only deionized and degasses water is under sensitive surface (θ water ). Then, the substances are allowed to flow through flow-cell until sensitive-region. For ethanol in the marketing specifications (a), variations in the response was 1.6 ± 2 × 10 −2 RIU (Refractive Index Unit) relative to baseline calculated using the variation θ 1 − θ water . Solutions in marketing specifications produces similar results. Tampering make the variations decreases, for the other solutions of ethanol the responsevariations was 1.2 ± 2 × 10 −2 (θ 2 − θ water ) for sample (b) and 0.85 ± 2 × 10 −2 (θ 3 − θ water ) for ethanol sample (c). For resistance measurement the process is analogous. Nevertheless, once the conductivity value increases for tampering in ethanol solutions one takes as baseline the conductivity value for ethanol solution in the marketing specifications.
IV. EXPERIMENTAL RESULTS
The Fig. 5 illustrates the sensor dynamic response illustrating the stability of the obtained signal with the proposed sensor, using different types of tampering, with solutions at room temperature and with different refractive index. The dynamic response is a type of sensorgram which new solutions are analyzed without need return to baseline, showing the robustness of our arrangement.
With a flow rate about 300µL/min, the fuel samples were pumped through the flow-cell and the refractive index variation (∆IR) was tracked over time. The dimension of the flow cellused in the experiment is: length equals 10 nm, a width of 2 nm and a height of 0.3 nm allowing a volume of 6µ/L. Fig. 5 shows accordance to Fig. 4 . The deionized and degasses water was pumped until reaching the SPR surface with 50 nm of gold. Then the surface was equilibrated with tamper fuel solution, case (c). After 60 s applies the same flow rate to pumped tampered fuel of the case (b). A increase in the refractive index variation was observed due to a higher concentration of ethanol in the sample of type (b). Obtained the stability of response, past 40 s, was injected ethanol in the marketing specifications causing a variation of 5 × 10 −3 RIU in ∆IR value, over the previous solution. The reverse process was carried out confirming the stability of the response. It is noteworthy that the experiment presented here was performed in the angular interrogation mode (AIM) with fixed wavelength at 670 ± 30 nm.
Regarding the multispot result, Fig. 6 shows a sensorgrams for two different spots. For the SPOT 2, the substance transition response in any direction provides the same value. The transition to H 2 O→Tampering 2 or to Tampering 2→H These differences are caused by non-uniformity of the sensor, non-uniformity of the analyte flow, non-uniformity in the spot lighting, and the not correct alignment between rows that make up the sensible area on the image sensor and the spot region on the metal surface, and the multispot processing can be used as technique for sensor calibration. The spots are composed by 512 rows of the 1024×1280 CCD camera.
For resistance measurements of the analyte, the electrodes were connected to the digital multi-meter Agilent 34410A (resolution of 6 1 2 digits) and its 4-wire ohm function has been used. The laboratory temperature was maintained at 22.2±0.2 C since both, the dc-resistance coefficients/dielectric optical functions of the metal electrodes and of the polar solutions, respectively, vary sensitively with ambient temperature [14] , [15] . The electrical dc-conductivity of the liquid samples is a further sensitive parameter, and sensitively varies with sample composition. It thus provides complementary information/evidence on possible tampering. Tab. I illustrates the variation of the electrical dc-conductivity κ at ambient temperature for supra-pure water and a variety of alcohols [18] . For example, in case of ethanol tampering, deviation from the value of 554 nS cm −1 towards higher or lower κ-value, indicates admission of either methanol/water, or the heavier alcohols. Tampering with non-polar organic solutions also results in a decrease of the dc-conductivity. The materials information can be extracted by the combination/analysis with the associated refractive index variation, as obtained from the SPR data. An example of a resistive recording is shown in Fig. 7 , revealing the temporal evolution of the accelerated oxidation of ethanol by means of ozone admission, which results in a steady conductivity increase. 
V. CONCLUSION
As discussed in the preceding sections, each medium in the multilayer arrangement has its contribution to the SPR image formation. So that changes in conductivity and/or in analyte density, i.e., change in the ethanol concentration will influence both the resonance condition as the resistance value. Thereby, the conductivity/resistance measurement acts as a sorter of tamper type, i.e., the SPR response is able to assert that the fuel was tampering and changes in conductivity can discriminate the presence of methanol. By using the proposed sensor, it is possible to detect the major types of tampering diagnosed by competent agencies without any secondary processing to obtain the necessary response. The analysis takes a few seconds and does not alter the properties of the sample under investigation. With mulitspot processing its possible precise calibrate the sensor SPR conditions for ethanol in correct specification. The experimental results demonstrate the validity of the proposed solution.
